The majority of reverse auctions for procurement use a single attribute (price) format while providing constraints on non-price attributes such as quality and lead time. Alternatively, a buyer could choose to conduct a multi-attribute auction where bidders can specify both a price and levels of nonprice attributes. While such an auction may provide higher theoretical utility to the buyer, it is not clear that this theoretical improvement will be realized given the increased complexity of the auction. In this research, we present an ascending auction mechanism for a buyer whose utility function is known and dependent on three attributes. Motivated by a supply chain procurement problem setting, we consider quality and lead time for the two attributes in addition to price. The auction mechanism provides the bidders with restricted feedback regarding the buyer's utility function. We explore, experimentally, the performance of this multi-attribute auction mechanism as compared to a price-only auction mechanism. In comparison with the price-only auction, we find that our mechanism design is effective in increasing both buyer utility and bidder (supplier) profits.
Introduction
Reverse auctions are auctions in which the auctioneer, on behalf of a buyer, solicits bids from a group of potential sellers. They provide a promising alternative to buying goods or services at a fixed price or through negotiation, and can be easily implemented electronically. Covisint, FreeMarkets, General Electric (GE) (Kwasnica and Thomas 2002) , and Mars (Hohner et al. 2003) are examples of firms that have attempted to use auctions for this purpose. While auctions are an excellent form of price discovery, there are usually other aspects in addition to price that can affect the value of the outcome.
In such cases, if the auction process focuses competition on price only, the buyer is forced to ignore these other aspects or to handle them outside of the auction by subsequent contractual arrangements.
Presumably, the buyer would like to negotiate all the dimensions of the contract with all potential sellers in order to discover the most valuable trade. However, it is not clear whether a multi-attribute auction mechanism can be designed that effectively achieves this, in theory and in practice. An effective multi-attribute auction mechanism should possess the following two characteristics. First, the buyer must be able to effectively assess the value of a multi-attribute bid. Second, a bidder must be able to effectively bid on several attributes simultaneously. These challenges raise two important questions:
Is the multi-attribute auction superior to the price-only auction for the buyer/seller in theory? What about in practice? In this paper, we address these questions for a specific multi-attribute auction mechanism that provides restricted information feedback to the bidders.
A number of researchers have considered dimensions other than price in the procurement setting from a purely theoretical perspective. Che (1993) and Branco (1997) study the optimal (buyer utility maximizing) auction when there are only two attributes, price and quality. In their models, however, bidder private information can still be represented by a one-dimensional type. This simplification allows them to apply powerful mechanism design tools first discussed by Myerson (1981) . While there has been some recent promising work on multi-dimensional mechanism design (Armstrong 2000 , Williams 1999 ), the extension of one-dimensional optimal auctions to higher dimensions is not straightforward.
Recently, Parkes and Kalagnanam (2002) , Beil and Wein (2003) , and Asker and Cantillon (2004) have studied auctions with the potential for many attributes. Parkes and Kalagnanam (2002) look for efficient (total surplus maximizing) auctions when there may be many attributes and products. Beil and Wein (2003) focus on a procurement process similar to ours, but examine a mechanism by which the buyer can learn the suppliers' cost functions when suppliers are assumed to bid myopically. Asker and Cantillon (2004) study the general properties of multi-attribute auctions when the buyer's scoring function is linear in price.
However, even strong theoretical properties may not be sufficient to justify the widespread application of an auction. Vickrey sealed bid auctions, for example, are rarely used in practice despite their attractive theoretical properties (Rothkopf et al. 1990 ). The English auction, on the other hand, is ubiquitous. 1 Numerous experimental studies have shown that, even in simple price-only auctions, actual human behavior may differ systematically from what theory predicts (Kagel et al. 1987 , Coppinger et al. 1980 . 2 Since experiments may provide a close parallel with actual auction performance, the laboratory has been successfully used to testbed auction designs in complex settings (Banks et al. 1989 , Brewer and Plott 1996 ).
For the reasons given above, we turned to the experimental laboratory to examine our multiattribute auction design. Our goal was to design an auction that, much like the traditional English auction, not only had good theoretical properties but also performed well experimentally. Also, since both bidder (seller) and buyer behavior might matter in the overall performance of the auction, we isolated the performance of the auction with respect to bidder behavior. With this in mind, we developed and tested an auction design that explicitly values three attributes, price, quality and lead time, and can signal bidders on all three attributes simultaneously. Based on laboratory experiments with human subjects, the results are promising. In addition to having desirable theoretical performance, our mechanism leads to increased buyer utility while maintaining seller profits relative to a price-only auction. We do not claim, however, that our auction design is optimal. Rather, our contribution is to propose a theoretically sound multi-attribute auction design and show its viability through the use of human subjects experiments.
We highlight the following three characteristics of this research. First, we do not fully reveal the buyers's utility function. Second, we compare, at both the aggregate and individual level, observed bidder behavior with the theoretically expected behavior in both a price-only and a three-attribute auction. Third, our comparison of the single attribute English auction to the three attribute English auction is motivated by a specific supply chain procurement setting.
A differentiating feature of our auction design is the type of information we provide the bidders about the buyer's utility function. Instead of revealing the buyer's entire utility function, we only provided information on the marginal utilities related to submitted bids. This information can be used to guide bidders towards their optimal bid. We made this design choice for two reasons. First, in many applications it may not be practical for a buyer to reveal their entire utility function, either for strategic reasons, or because they are unable to express it. Second, the information provided to the bidders was designed to be simple and intuitive. Previous experimental studies of complex auctions have demonstrated that simple information can often be effective in generating efficient outcomes; Kwasnica et al. (2005) found that properly designed single item prices in a combinatorial auction can improve efficiency despite the fact that, in theory, these prices do not provide all the necessary information. It is possible that the limited information we provide may actually improve auction performance relative to fully revealing the buyer's utility function by simplifying the situation for the bidder. 3 One of the objectives of this research is to investigate whether a reasonably successful multi-attribute auction can be designed with information that is both readily available for the buyer and simple for the bidders to understand. Bichler (2000) was one of the first to use experiments to study multi-attribute auctions. He examined two-attribute auctions using human subjects experiments and found that the auctions, in general, have modest gains over single attribute auctions. It is possible that, due to the added complexity of the auction, the gains observed with only two attributes may disappear when more attributes are considered. Therefore, in our experiments, we consider an auction where the buyer and bidders care about three attributes (i.e., price, quality, and lead time). In his experiments, Bichler revealed the entire scoring function used by the Buyer. Strecker (2003) conducted three-attribute English auction experiments, where the buyer's scoring function was not at all revealed in one treatment and fully revealed in the other. In contrast to both these studies, we examine a multi-attribute auction that provides partial revelation of the buyer's scoring function.
While both Strecker (2003) and Bichler (2000) provided bidders with tools for computing the buyer's utility for all possible bids, the issue of what kind of information to provide bidders within a three attribute auction setting was studied by Koppius and van Heck (2003) . They designed an experiment in which they exposed subjects to different information architectures, a restricted information architecture and an unrestricted architecture. In the restricted architecture, bidders were informed of the current best bid and bidder. In the unrestricted architecture, they were also provided with a ranking of the most recent losing bids. Koppius and van Heck (2003) found that both the efficiency and Pareto optimility are greater in the unrestricted information architecture case. While their experiment addressed the effect of two specific types of information exchange on the aggregate outcomes of the multi-attribute auction, they did not compare these results against the single attribute auction case. Moreover, the information presented to the bidders in both cases is actually very limited with respect to guiding bidders towards their optimal bid. This point is elaborated upon in Section 3.1. This paper is organized as follows: in Section 2 we describe and motivate the functional forms for buyer utility and bidder profit functions. In Section 3 we present the auctions examined. In Section 4 we describe the experimental design. Results are presented in Section 5. We conclude our work and discuss future directions in Section 6.
The Environment
There is a single buyer who is procuring a single indivisible object or contract from a set of three potential suppliers. 4 The contract has three measured attributes of interest: price p, quality level q, and lead time l. Lead time is typically thought of as the amount of time that the buyer must wait between order and receipt of goods. Throughout, we use the subscripts 0 for the buyer and i for a bidder, and the subscripts Q and L to denote parameters related to quality and lead time.
The buyer's utility function for the contract is linear in price, with v(q, l) representing the value of the two non-price attributes quality q and lead time l. In our experiments, the buyer's utility function for a contract is given by:
where a Q0 > 0 and b Q0 are quality related constants and a L0 > 0 and b L0 are lead time related constants. The buyer always prefers higher quality. In our experiments, we choose b Q0 such that the marginal value of quality is decreasing (0 ≤ b Q0 ≤ 1).
The profit function for bidder (supplier) i for an awarded contract is linear in price, with c i (q, l)
representing bidder i's cost as a function of quality and lead time levels. In our experiments, bidders have cost functions that yield the following profit function:
where a Qi > 0 and b Qi are quality related constants and a Li > 0 and b Li are lead time related constants.
Each bidder's cost increases with improvements in both quality and lead time. The marginal cost of higher quality is increasing (b Qi ≥ 1). If the bidder does not win the auction, she will have a profit of zero.
Define the total welfare created by a contract between the buyer and bidder i at quality and lead time levels (q, l) by
Let (q * i , l * i ) be quality and lead time levels that maximize Equation 3. Note that the buyer can select at most one supplier and that total welfare is unaffected by the contract price. Thus, an efficient procurement contract, one that maximizes total welfare, is given by the supplier (i) and the (q * i , l * i ) that provides maximal welfare.
The Auctions
We consider two auction mechanisms. Both auctions are generalizations of the standard reverse English auction to the multi-attribute setting. The first is the multi-attribute (MA) auction that allows for bidding in all three attributes. We compare this auction to the price-only (PO) auction where reservation quality and lead time levels are predetermined and bids are only accepted on price. Only integer valued prices were accepted, and quality and lead time offers were required to be integer values ranging between 1 and 10. The bidders were human subjects, while the buyer was represented by the computer. Other than a time constraint, bidders are free to place any bid at any time. Before the auction ends, the provisionally winning, or standing bid, is the bid that maximizes the buyer's utility amongst all the bids placed since the start of the auction. 5 Once a bid is placed it cannot be cancelled.
For both the PO and MA auctions, a 'soft' stopping rule was used. That is, after an initial time period, the auction ended if no new standing bids were placed for k seconds. The purpose of extending the auction in this way was to eliminate the advantage that might be provided to bidders by sniping (i.e., placing a bid in the last few seconds of the auction). 6 In the PO auction, the initial time period was 2 minutes and k = 45 seconds. In the MA auction, the initial time period was 5 minutes and k = 90 seconds.
5 In the event of tie bids, the bid placed earliest always wins.
6 See Roth and Ockenfels (2002) for more on the strategy of sniping.
The MA auction
In the MA auction, bidders were required to identify multi-attribute bids that were not only profitable, but that would also improve the buyer's utility with respect the to the current standing bid. A critical element of the MA auction is the feedback provided to the bidders. Since we have in mind future applications where the buyer utility function might not be known with certainty, we opted against directly publishing the buyer's utility function. Instead, after each bid, simple information about the buyer's preferences are revealed to the bidder. First, the standing bid is always displayed. Second, the bidder is given three pieces of information related to the bid she has placed: the price difference (P D), the marginal quality (M Q) and marginal lead time (M L). The price difference is the amount that the bidder must lower her bid in the price attribute in order for it to become a winning bid (assuming no changes in quality and lead time levels). The marginal quality and lead time are simply the buyer's marginal utility for improvements in q or l at the bidder's most recently placed bid. Importantly, in our experiments, the M Q value combined with the bidder's marginal cost will provide her with sufficient information to eventually bid at q * i . Similarly, M L and marginal cost information will direct the bidder to l * i . Both the information structures studied by Koppius and van Heck (2003) do not necessarily have this feature. Under Koppius and van Heck's (2003) restricted information condition the bidder only receives feedback on the winning bid; this only suggests how to beat the current bid but not how to find the optimal bid for each particular bidder. Under the unrestricted condition, the bidder observes more information in the form of the relative ranking of the bids. However, the usefulness of this information in supporting optimal bidding behavior depends upon the actions of the other bidders. 7 An advantage of our information feedback is that the bidder can independently determine her unique optimal attribute combination. It remains to be seen whether this information can be properly used by the bidders; that issue necessitates our experimental examination. While the above feedback is provided for every bid submitted in the MA auction, throughout the auction, only bids that beat the current best bid were accepted.
When bidders can determine the optimal quality and lead time combinations (q * i , l * i ) it is straightforward to show that it is a dominant strategy for them to bid at those levels. Therefore, consistent with the standard English auction, it is also a dominant strategy to continue lowering the price offered until they make zero profits. If all bidders follow their dominant strategy, the auction will be efficient and the expected utility of the buyer will be equivalent to the second-highest welfare offer of the bidders. See Chen-Ritzo et al. (2005) for a formal discussion of these properties of the MA auction.
If the buyer had information about bidder costs, then he may find it in his interest to misrepresent his true utility function in the MA auction. Che (1993) shows this is optimal in a simpler multiattribute setting where bidder types are still single dimensional. Of course, any misrepresentation will result in lost efficiency. We did not examine buyer misrepresentation because our focus is on examining bidder behavior in these auctions. Specifically, the focus of this paper is on whether an auction can be designed that provides sufficient decision support to allow the bidders to bid as theory predicts in a complex, multi-attribute setting. The human subject bidders in our experiment knew that the utility or scoring function used by the auctioneer was programmed by the experimenter. Therefore, issues of buyer misrepresentation were not a concern.
The PO auction
In the PO auction, all bids are simply a statement of a price at which the bidder is willing to supply the product. Before the auction begins, the buyer announces reservation levels for the non-price attributes.
Let q r and l r be the reservations levels. All bids are then evaluated as if they were placed with q r and l r in the other attributes. Bidders were expected to identify the least cost quality and lead time combination satisfying these reservation levels in order to determine their reservation price.
Given the properties of the bidders' cost functions, bidders would never voluntarily deliver the product at a quality or lead time better than the reserve levels. Once the reserve levels are announced, the PO auction is a standard reverse English auction. It is a dominant strategy for each bidder to bid down to the point where, at the reserve levels, profits are zero meaning that the auction will end at the second lowest cost given the reserve levels. Since the reserve levels effectively eliminate many bid choices for the bidders, it is straightforward that buyer utility will always be at least as high in the MA auctions as it is in the PO auction (see Chen-Ritzo et al. (2005) ).
To give the price-only auction the best chance of success, we chose the reserve levels for lead time and quality that maximized buyer utility assuming full knowledge of the bidder profit functions. While it is unrealistic to expect that a buyer would have full information when setting the reserve levels, we selected this standard in order to provide a difficult test for the MA auction to compete with. It is worthwhile to note that the reserve levels (for quality and lead time) that maximize buyer utility are not necessarily the efficient levels. Furthermore, even though total welfare in the MA auction is no smaller than welfare in any PO auction, the profit of the winning bidder may be lower in the MA auction.
Design of the Experiment
We considered four different treatments in our experiment: The PO auction with inexperienced bidders, the PO auction with experienced bidders, the MA auction with inexperienced bidders, and the MA auction with experienced bidders. The response variables of interest were, primarily, the realized buyer utility and seller profits.
We recruited subjects for a total of 24 experimental sessions, 8 where in each session we exposed subjects to one of the four treatments previously described. Each session consisted of several independent auctions, or periods. The same three bidders were matched with each other in all periods, and each group of bidders participated in either the PO auction or the MA auction for all periods. We decided to study the auction institutions in separate sessions rather than using a within subjects design where the same subjects would have participated in both the PO and MA auction. This allowed us to isolate the learning effects that we expected to observe for a given auction type from potential order effects (i.e., variation due to the order in which subjects would have participated in the different auction types in a within subject treatment). Additionally, since our subject pool was relatively homogeneous, it is reasonable to assume that any effects relating to differences between the subject groups would be small.
In every auction (or period), subjects were provided with information about their bid history in the current auction, their costs for delivering the asset at all possible lead time and quality combinations, the time remaining in the auction, the current best bid and their bid status (i.e., whether or not they were the winning bidder). The costs of the bidders were different from period to period and were different from bidder to bidder. The buyer's utility function was also different from period to period.
To help bidders identify profitable bids, they were provided with a tool built into the computer interface that would compute the profit associated with a particular bid.
A total of nine auctions (or periods) were completed in each experimental session, the first of those being a practice period for which subjects were not paid any earnings. Each of four different cases (labeled case 1 through case 4) were repeated once during the eight non-practice periods. A different case from these four was used in the practice period. The sequence of cases was kept constant across all sessions so as not to affect comparisons of results across sessions. matching of subjects to bidder types was changed so that no subject was the same type in both replicates of each case. This eliminated learning effects that might be associated with playing the same bidder-type more than once.
The subject-bidder type matchings were kept constant across all sessions. The exact parameters used in each case, experiment instructions, screen shots, and other information are available as an online supplement.
All experimental sessions were conducted at The Pennsylvania State University, Smeal Business . Any undergraduate or graduate student who had not previously participated in this experiment was considered to be eligible for treatments that require inexperienced bidders. Only those students who had previously participated in the PO auction (MA auction) were eligible to participate in the PO auction (MA auction) treatments that required experienced bidders. The auctions were implemented using Z-Tree software (Fischbacher 1999 ).
In the PO auction sessions, each period lasted approximately 5-10 minutes, and in the MA auction sessions, each period lasted approximately 10-15 minutes. The PO auction sessions took around 1 to 1.5 hours to complete while the MA auction sessions took around 1.5 to 2 hours to complete, on average. The exchange rate used in all treatments was 0.1 US dollars for every experimental dollar. A $7 show-up fee was added to the total earnings of each subject at the end of the session. No incentive besides cash was provided to subjects. Subjects earned, on average, $22 and $16 in the MA and PO auction sessions, respectively.
Results
In this section, we compare the performance of the multi-attribute auction and price-only auction for bidders with and without previous experience. We denote the multi-attribute auction by M A and M A2 for inexperienced and experienced observations respectively. The price-only auction is similarly labelled as P O and P O2. In Table 1 , we present the expected outcome (i.e., the winning bid, winning bidder, buyer utility and seller profit) and the observed average outcome for both auction institutions, in each of the cases and treatments studied. The number of observations collected for each treatment in the different institutions is also included in this table. 9 Table 2 presents the results of the rank sum tests that we use for statistically comparing certain outcomes between treatments. 10 We begin by examining the utility that the buyer achieves at the end of the auction. In theory, since bidders (sellers) have more choice in their bidding under the MA auction, they should provide the buyer with higher utility. However, the added complexity of the MA auction may keep the buyer from fully realizing these potential gains.
Conclusion 1. The MA auction increases buyer utility.
In Table 1 we report the expected improvement in buyer utility in the MA auction as compared to the PO auction. Based on the expected improvements reported in Table 1 and the results reported for the first two sets of rank sum tests in Table 2 , the MA auction does result in significantly greater buyer utility when the expected improvement from the MA auction is large (17% or greater). With both inexperienced and experienced bidders, we can reject the equality of the observed buyer utility, and conclude that the MA auction provided stochastically greater buyer utility in cases 2 and 3. Case 1 has a somewhat lower expected improvement (14%), and we find that buyer utility is greater from the MA auction only under the experienced treatment. Case 4, on the other hand, has only a small expected difference between the MA and PO auction at 6%. As the toughest test for the MA auction, it is not surprising that we are never able to conclude that buyer utility is greater under the MA auction. The (20) 15 (20) 16 (20) 14 ( PO auction does not provide the buyer with greater utility in any case.
While we have seen that the MA auction can significantly improve buyer utility, it is worthwhile to examine how well the auctions performed relative to the expected outcomes. Again, referring to Table 1 , we find that on average, the MA auction achieved 91% and 95% of the expected buyer utility for the inexperienced and experienced treatments respectively. The PO auction tends to yield slightly higher utility than predicted. On average, the PO auction yields 101% of the buyer utility predicted.
This difference disappears in the experienced treatment, and the PO2 auction only yields 92% of the predicted buyer utility. The auctions' performances relative to the theoretical benchmarks may shed light on the fact that we did not always observe a significant increase in buyer utility in the MA auction relative to the PO auction. At least for the inexperienced treatments, the MA auction fails to achieve full expected buyer utility whereas the PO auction tend to over shoot predictions slightly.
The winning bidder, quality, and lead time are frequently as predicted for the MA auction format.
As an additional measure of the closeness of the observed multi-attribute bid to the expected bid, we report (Table 1) the Euclidean distance of the observed quality and lead time levels from those expected in the MA auction. With the exception of case 1 for the MA treatment, this distance is usually small.
The rank sum tests for the difference in the Euclidean distance is reported at the bottom of Table 2 .
The MA auction also offers potential gains for the bidders. In all four cases, the theoretical seller profits are higher under the MA auction than the PO auction. While this may seem to contradict the previous result, the added flexibility of the MA auction may, but not always, actually benefit both parties. We examine seller profitability under the different auction institutions in the following two conclusions.
Conclusion 2. The MA auction does not degrade, and occasionally increases, seller profits.
The third and fourth set of rank sum tests in Table 2 compare seller profits in the MA and PO auctions. In no case, can we conclude that seller profit is higher under the PO auction. In some cases, 3 and 4 for inexperienced bidders and 2 and 3 for experienced bidders, seller profits actually increase significantly under the MA auction. These observations are consistent with the theoretical predictions;
for the cases studied the theory predicts higher seller profits. We did not study cases where the theory predicts lower seller profits.
As Table 1 shows, average seller profits are often negative. This is due to the fact that, occasionally, sellers placed bids that were not individually rational. In 11 out of 80 (14%) PO observations and 5 out of 62 (8%) MA observations, the winning bidder ended up losing money. While it is impossible to determine the source of this behavior, bidders were not in any way forced to bid below their cost (at a loss) and were given checks to help avoid this behavior. We feel the most likely determinant of these losses was the complex setting the bidders had to understand in a time constrained, competitive environment, which was our primary motivation for studying these auctions experimentally.
Conclusion 3. The frequency of seller losses are not related to the auction institution.
Despite the somewhat greater prevalence of bidder losses in the PO auctions, there is no statistically significant difference between the proportion of observations with losses under the different institutions.
A chi-squared test for differences in proportions yields a test statistic of 0.5807, which is not significant at any reasonable level. The fact that there is little difference in the observed frequency of losses under the two institutions is actually somewhat surprising. A priori we expected that bidder errors would be a greater problem in the MA auction. In principal, the PO auction was no different from a standard reverse auction, where previous experiments rarely observed bidder losses. However, it appears that the added information of the multi-attribute cost tables, despite its irrelevancy in the bidding, might have affected bidder behavior. Consistent with other experimental studies of auctions, we have identified behavior that differs dramatically from the theory. The level of losses actually tend to be greater in the PO auction as well; losses averaged 1641 experimental dollars in the PO auction versus 217 experimental dollars in the MA auction. Using a rank sum test we find that losses under the PO auction are stochastically larger (w = 57.0 and p < .0200). These high losses also effect the buyer utility results presented earlier since bidder losses tend to manifest themselves as increased utility for the buyer. When observations with losses are removed, we find that the PO auction buyer utility as a percentage of expected drops from 101% to 93%. The decline in the MA auction is more modest from 91% to 88%. All buyer rank sum utility comparisons presented in support of Conclusion 1 earlier still hold if observations with losses are dropped.
Experienced bidders never made losses in either the PO2 or MA2 treatments. Therefore, it appears that losses might be more related to learning the interface and environment rather than some systematic problem with the auction setup. This also suggests our next conclusion.
Conclusion 4. Performance of the MA auction institution improves with experience.
While buyer utility and seller profits rarely change significantly from the inexperienced to the experienced treatments (see Table 2 ), the auctions appear to perform more consistently with expectations when there are experienced bidders. When comparing the MA and MA2 treatments, the proportion of times the predicted winner is observed increases from 53% to 92%. The proportion of correctly predicted quality and lead times increase from 42% to 67% and from 40% to 75% respectively. These differences in proportions are all significant at the 10% level; a chi-squared test comparing these proportions yielded test statistics of 9.485 (winner), 3.303 (quality), and 6.993 (lead time). If we measure the Euclidean distance of the winning quality and lead time combination from the expected outcome, we find that it decreases from 2.96 to 0.71 on average. In three out of four cases, the distance drops significantly from inexperienced to experienced treatments (see Table 2 ). As a result, as mentioned earlier, the observed buyer utility as a percentage of the predicted increases from 91% to 95% with experience.
The performance of the PO auction improves less dramatically. While losses are no longer observed and bidders always provide the reservation quality and lead time, 11 the proportion of times that the predicted bidder wins only increases from 70% to 83%, which is not statistically significant (chi-squared test statistic of 1.059). In addition, buyer utility actually goes down relative to the predicted utility;
buyer utility as a percentage of predicted drops from 101% to 93%.
The previous results have highlighted the aggregate performance of the MA and PO auction. We can also examine individual bidding behavior and how it relates to the theoretical predictions. Bidders should place bids at the efficient levels of quality and lead time (q * i , l * i ) in the MA auction. Only 9% and 11% of all bids placed in the MA and MA2 treatments respectively are at the predicted levels. This is not particularly surprising once one considers the fact that bidders must bid in order to learn the buyer's utility function in the experiments. However, we would expect that bids near the end of the auction will be close to the efficient levels. When considering only the best (highest utility) bid placed by each bidder, the proportion of efficient bids increases to 19% (MA) and 31% (MA2). This difference in proportions is significant at the 10% level (chi-squared test statistic of 3.26) indicating that experience increases the incidence of behavior consistent with the theory. While this result tell us that bidding behavior, even in the experienced treatment, is often different than the theory predicts, it might be that bidders are only making small errors in their bidding. Given the structure of the cost and utility functions utilized, there may be only small gains from movements to the efficient quality and lead time levels. By measuring the Euclidean distance of each bidder's best bid from the predicted quality and lead time levels, we have a measure of distance from the predicted strategy. In the MA and MA2 treatments, the distance averaged 2.40 and 2.01 respectively. Even more telling is that only 3 out of 33 total bidders averaged bids within one unit distance of the optimal strategy.
Even though bidders are not always bidding the correct levels of quality and lead time, they may still be placing bids close, in utility terms, to the optimal bid. In theory, losing bidders should offer a bid that provides all the surplus, at the efficient quality and lead time, to the buyer. By examining the highest utility offers of the losing bidders, we can examine the accuracy of this benchmark. 12 We can examine when losing bidders leave 'money on the table,' or they do not bid despite the fact that there was a profitable bid for them that would beat the final winning bid. In the inexperienced treatment, 51% of losing bidder observations (there are two observations for each auction period) failed to bid when a profitable bid was available. The proportion falls to a more reasonable, but still large, 35% in the experienced treatment. A chi-squared test for difference in these proportions yields a test statistic of 2.70, which is significant at the 10% level. This suggests, along with the previous result, that bidders are often failing to realize the optimal bidding strategy. This is in contrast to the relatively strong performance of the MA auction on an aggregate level. To reconcile these results, it must be that the actual utility offered by these bidders is close to the theoretical prediction. We can measure this by calculating the utility of the each losing bidder's best bid (i.e., the bid that provided the buyer with the greatest utility) as a percentage of the maximal possible utility that bidder could offer (i.e., provision of greater buyer utility would result in bidder losses). Figure 1 shows the percentage of the maximum possible buyer utility that was offered by each losing bidder's best bid in the MA auctions. 13 In the MA and MA2 treatments respectively, the losing bidders offer 57% and 78% of the maximal possible utility on average. Using a rank sum test we find that losing bidders leave significantly more money on the table in the inexperienced case than in the experienced case (w = 348 and p < 0.016).
Conclusion 5. Individual bidding behavior in the MA auction is different than the theory predicts but improves with experience.
12 The bids of the winning bidders cannot be examined since they should stop bidding when others stop bidding. Thus, they will not bid up to their zero profit point. 13 It is important to note that this measure is biased downward. Even if a losing bidder is following the optimal strategy, she may appear to be offering less than 100% under this measure. This is due to the fact that the winning bidder may jump over the maximal utility offer of the losing bidder, making placement of such a bid unnecessary. We decided to use this measure since it gives non-compliance with the theory the benefit of the doubt. Given previous experimental results on bidder behavior in auctions, it should not be entirely surprising that specific theoretical predictions for the MA auction do not do particularly well. Rather a more appropriate comparison would be to the individual bidding behavior in the PO auction. In the PO auction, theory predicts that losing bidders should bid up to their zero profit condition at the reserve quality and lead time. Using the same standard as presented earlier for the MA auction, we find that 31% (PO) and 39% (PO2) of all losing bidders left money on the table. When compared to the MA treatments, only the PO proportion is significantly smaller than the MA proportion (chisquared test statistic of 7.68). In both cases, these proportions are indistinguishable from the MA2 proportion of bidders failing to make profitable bids. If we calculate the utility of the losing bidders' best offer as a percentage of the maximal utility offer available for that bidder, we find that, on average, bidders offered 92% and 90% of the maximal utility offer for the PO and PO2 auctions respectively.
If we compare the percentages of the maximum available utility that is offered by losing bids in the price-only auctions with those in the multi-attribute auctions, we find that, at the 5% level, only the PO2 and MA2 auctions are not significantly different. Therefore, with experience, the percentage of the maximum available buyer utility offered by losing bids is consistent between the two auction types.
The results of the rank sum tests for these comparisons are provided in Table 3 .
Conclusion 6. At least with experience, individual bidding behavior is similar in the MA and PO auctions.
While individual bidding behavior is not exactly as predicted in theory, it is relatively consistent across the two auction mechanisms. Individual behavior also gets closer to the predicted behavior with experience in the MA auction. 14 This suggests that the added complexity of the auction environment does not lead to systematically different behavior. Variations from the theory are expected in both cases, and highlights the need to study auction design from experimental perspective in addition to a purely theoretical development. The fact that bidders in both cases seem to behave similarly helps reconcile the superior aggregate performance of the MA auction (compared to the PO auction) despite obvious deviations from the theoretical benchmark.
Conclusions and Future Work
The results presented here are promising for the application of multi-attribute auctions for procurement when several non-price components matter. Providing bidders with only marginal information regarding the buyer's utility, we are able to construct a simple auction mechanism that clearly betters, experimentally, the price-only auction format where quality and lead time are set in advance. The MA auction benefits both the buyer and the sellers. It is only when the expected differences are small that we do not observe significant improvements from the experimental MA auction. The use of alternative means of representing the buyer's utility (e.g., through discounts for non-price attributes) presents an interesting area for future research.
The experimental results, by showing where reality differs from theory, provide potentially important insights into the multi-attribute auction design problem. Bidder behavior was not perfect. It took experienced subjects to get an MA auction that closely matched, on an aggregate level, the dominant strategy predictions. Even then, individual bidding behavior was not particularly close to the 14 It is interesting to note that the same trend does not appear to be true in the price-only auction.
theoretical predictions. The level of bidder losses was also not predicted. Despite these differences, the MA auction still consistently outperforms the PO auction in the lab. However, future designs for more complex or realistic settings might consider these deviations in an attempt to design a better multi-attribute auction.
This study has focused on the behavior of bidders in the multi-attribute setting. When multiple attributes matter, the decisions of the buyer should also be considered. An issue facing the real world auction designer is that the buyer might not know his utility function. Instead, he must learn about what he wants by observing different options available. Also, in many supply chain auctions there are a great number of interdependent objects being procured simultaneously. For example, while a buyer may care about quality and lead time, he may also care about which of two different products arrives first. These concerns greatly complicate the multi-attribute design problem and require the incorporation of combinatorial auction methods as discussed by Parkes and Kalagnanam (2002) and Kwasnica et al. (2005) .
